Micromachined beams are commonly used to measure material properties in MEMS. Such measurements are complicated by the fact that boundary effects at the ends of the beams have a significant effect on the properties being measured. In an effort to improve the accuracy and resolution of such measurements, we are conducting a study of support post compliances in cantilever and fixed-fixed beams. Three different support post designs have been analyzed by finite element modeling. The results are then compared to measurements made on actual devices using interferometry. Using this technique, the accuracy of measurements of Young's modulus has been improved. Continuing work will also improve the measurement of residual stress.
INTRODUCTION
Micromachined beams are commonly used for the extraction of material properties in MEMS. For example, cantilever beams have been used to measure curvature resulting from a strain gradient [1] [2] [3] as well as Young's modulus [3] . A number of researchers have also used fixed-fixed beams to measure residual stress [1-7}. Most of these researchers have concluded that boundary conditions at the beam ends significantly affect the accuracy of the measurements.
We have recently proposed a new technique for measuring the material properties listed above [8] . This technique, called IMaP (Interferometry for Material Properties), relies on point-by-point deflection curves of actuated beams measured using interferometry. The beams may be either unloaded or pulled toward the substrate by electrostatic forces. The beam deflection curves are then compared to deflection models to find the values of material properties which minimize error between the measured and modeled deflections. Because the interferometry system yields high-resolution data (within about 10 nm), the material properties can be measured very accurately. In addition, because the measurements are not destructive, a single beam can be used to generate a large amount of data, reducing the chip area required for the test devices. Moreover, because measured and modeled deflections are matched along the entire length of the beam rather than at only one point, high confidence is obtained in the measured property values. These high-confidence, high-resolution material property measurements allow better process control and design optimization.
Because the boundary effects change the global beam deflections, they must be modeled to obtain accurate material property measurements. We have previously modeled the beam support post as a short cantilever beam subjected to forces and moments resulting from the long beam's deflection, similar to the presentation in [9] . Because of the difficulty of accurately measuring the boundary conditions (such as the beam end angle), the work in [9] included extensive finite element analysis but no experimental data. Work has also been presented on designing stiffer support posts [10] , although no associated simple model was presented. However, several of the boundary effects can be measured using IMaP. Therefore, we have begun a study of the boundary effects of micromachined beams. Using finite element modeling in conjunction with experimental measurements, the strengths and weaknesses of our proposed model have been identified, and a more accurate model has been developed. This paper discusses the results which have been gathered to this time. This introduction describes background material, and the following sections describe the experiments which have been performed. 
A brief description of IMaP
Both cantilever and fixed-fixed beams are used in the IMaP methodology. The measurement process consists of four steps, each of which measures a different property [8] . First, either multi-wavelength interferometry or profilometry is used to measure the thickness of the film being studied as well as the gap between the beams and the underlying electrodes. Either method has very good resolution, with the error being 20 nm or less. This high resolution ensures the accuracy of the model. Next, the deflection of an unloaded cantilever beam is measured using interferometry, as shown in Figure 1 a. The resulting accurate deflection curve, shown in Figure ib , is compared to a model to find the values for unloaded beam end angle and film curvature which minimize error between the model and the measurement. In the case shown here, the beam end angle e is 620 prad, with a radius of curvature R of 1 . 1 m. Next, the deflection of a cantilever beam pulled toward the substrate with electrostatic forces is measured, as shown in Figure ic . Modeling the deflection allows determination of the elastic modulus (Young's modulus) of the material as well as the compliance of the support post. In this case, Young's modulus is 169 GPa, and the support post compliance is 3.2 irad4iN.im. These results were verified by measuring deflection at other voltages, as shown in Figure id . In this figure, dots represent measured data, and lines represent modeled data. Finally, the deflection curve of a loaded fixedfixed beam allows extraction of the film's residual stress. Figure 2 shows a fixed-fixed beam with a measured residual stress of 2.9 MPa, in compression.
Support Post Modeling
Classical beam mechanics treats the boundaries of cantilever and fixed-fixed beams as completely fixed -that is, the deflection and slope of the beam at the boundary are both zero, regardless of the loads applied. Actual beam boundaries do not exhibit this behavior -the deflection and slope of the beam at the support post change with applied load. This section describes the existing model used to predict support post non-idealities.
We have previously modeled the support post as a short cantilever beam, as shown in Figure 3 . The end of the beam applies a moment M and a force load F to the support post, causing it to deform. In addition, the support post may have an unloaded deformation due to residual stress in the post itself. The support post deformation may be broken into two parts which affect IMaP measurements -the beam end angle and the beam axial deflection, denoted 9 and ö. As shown in the figure, each type of deformation has an initial (unloaded) value, a component due to the applied moment, and a component due to the applied force.
For an equivalent cantilever beam of length and cross-sectional moment of inertia Ifl,, small-deflection beam mechanics gives It should be noted that while 9 has been measured on multiple beams [1 , 8] , has never been measured, as its size (a few nanometers) is too small for most measurement techniques. Its presence is being suggested here for the first time. However, it is reasonable to suppose that such a phenomenon exists because of the proven existence of an unloaded angular deflection at the support post.
No axial force exists in a cantilever beam pulled toward the substrate, so the effects of the axial force may be ignored for cantilever beams. In addition, ö, which is typically on the order of a few nanometers, does not significantly affect the beam's deflection. Therefore, for cantilever beams, only Oo and IM are significant factors. However, a fixed-fixed beam has an axial force and an end moment, requiring the consideration of all six factors. This is because even nanometer-scale deflections can affect the apparent stress in the beam by up to a few MPa, depending on the length of the beam. For example, if ö is 1 nm for a 300 .tm polysilicon fixed-fixed beam, the induced stress is equal to cT==1.12MPa
GPa. This effect may be as much as the as-fabricated residual stress for good-quality polysilicon.
EXPERIMENTAL APPROACH
To measure the effectiveness of model 1 , the deformations of three different support post designs were studied. Each pad design was analyzed by the finite element method. Cantilever and fixed-fixed beams using each support post design were also fabricated in SUMMiT, Sandia's four-level polysilicon surface micromachining process. Three beam lengths (300, 500, and 700 .tm) were fabricated for each support post design to allow a range of loads to be applied, with the longer beams generally applying smaller loads to the boundaries because of their reduced stiffness. Interferometric measurements of the beams' deflections allowed independent extraction of beam end angle as well as material properties. By comparing the initial results for beam end angle from the deflection of several beams, more accurate model parameters for support post compliance in each pad design were calculated. We then repeated analysis of the beam deflection data, allowing only the material property of interest to vary in finding the best modeled fit to the data. In this second analysis, we used the model parameters developed from the first analysis to determine beam end angle. The resulting measurement of material properties was more accurate than the measurement made only using the first analysis.
This section describes each support post design, and the following section describes the finite element modeling of each support post. Subsequent sections describe the experimental testing of cantilever and fixed-fixed beams.
Support post designs
Each support post was designed to support a beam fabricated in the top layer of polysilicon. SEM micrographs of each support are shown in Figure 4 . Figure 5 shows cross-sections of each pad design taken at the cross-section lines shown in Figure 4 . Because each beam is fabricated in the top layer of polysilicon, the support post must build up to that layer using an underlying layer. Pad 1 is created by cutting the oxide under the underlying layer across the whole field of the support pad. The oxide which separates the two polysilicon layers is partially removed across the whole area, although some oxide remains trapped between the two layers. The result is a step-up support post, as is generally seen for surface-micromachined beams.
Pad 2 is created by making long, narrow cuts in the lowest oxide layer. These long cuts are almost completely filled in by the first polysilicon layer. In addition, the oxide which is not removed (between the narrow cuts) is trapped so that it is not etched during the release, resulting in a fairly stiff structure. The oxide layer which separates the polysilicon layer is then completely removed across the area of the pad, resulting in a step-up which is not as high as the step in Pad 1, reducing its compliance somewhat. Note that in the direction orthogonal to the cross-section, the lower layer would either have a long stretch of polysilicon or a long area of entrapped oxide, depending on whether the cross-section was made at an oxide cut or not. Pad 3 is created using staggered long, narrow cuts in both oxide layers. As a result, there is no step-up at the connection to the beam, as Figure 4c shows. The absence of a step causes this pad to be the stiffest of the three. Figure 6 shows a Focused Ion Beam (FIB) cross-section of the pad, with the trapped oxide plainly visible as the dark squares within the polysilicon pad.
FINITE ELEMENT MODELING
Finite element modeling was used to predict the stiffness of each pad. This section describes the finite element modeling and presents the results of the modeling.
Modeling
A 3D solid model was generated to represent each pad design. These solid models are shown in Figure 7 . Because of symmetry, only half of each support pad was modeled, with the line of symmetry occurring at the center of the beam. In addition, early solutions showed that pans of the pad far away from the beam connection had no effect on the deformation, so only the area of the pad less than 40 j.tm from the beam was modeled. Also, although oxide was trapped in several places in the actual pads, the oxide was ignored in the solid models because earlier results had shown the oxide to have only a small effect. The solid models were meshed with brick elements.
Loading
To find the deformation of the pads due to beam axial forces and end moments, loads were applied to the beam connection areas of each pad design. A force of 100 .tN acting along the direction of the beam simulated a beam axial force. A moment was applied using a force couple of 45 j.tN acting on both the top and bottom of the beam connection area. Based on the measured film thickness of 2.28 lIm, this represents a moment load of 102.6 iN•tm. These loads were chosen to be in the range of the The deflection is amplified 1,000 times to make it easy to see.
actual loads expected during testing. The finite element solution was found using the solver ProMechanica with a linear model. A sample deflection solution for Pad 1 is shown in Figure 8 .
We expect the deformation of the pads to be linear with respect to the loads over the range of actual loading. To test this, solutions were found using Pad 3 for applied loads 3, 10, and 30 times those described in the preceding paragraph. Figure 9 shows the response of 0 and ö to each load level, indicating a high degree of linearity over a wide range. Actual loads expected during testing are not more than 10 times the initial load. Because of the high degree of linearity for Pad 3, the other two pad designs are also expected to have a highly linear response.
Results of FEM
Because of the linear response of the support pads, a single solution allows extraction of the lumped parameters F' M' oF, and 0/.1 defined in Figure 3 . This is done simply by finding the 0 or 0 due to each load and then dividing by the value of the load. The results for each pad are listed in Table 1 . does not show this effect; in fact, the three pad designs are almost equally compliant with respect to angular deflection caused by a moment. This is probably because each pad includes an overhang at the beam connection; this overhang is required by the design rules to ensure that the polysilicon completely surrounds all oxide cuts. Apparently, the majority of the angular deflection due to moment results from this overhang, which is identical in each pad design.
The finite element results immediately point to a problem in model 1 . Recall from Equations (1) and (2) (1) and (2) . If model 1 is correct, then these two equivalent lengths should be equal. The solutions to Equations (4) and (5) are shown in Table 2 . The results clearly indicate that the effective support post beam lengths are not the same for angular and axial deflections, so that different model parameters must be used in each case. This means that model 1 is inadequate to completely express the stiffness of the support posts with respect to both angular and axial deflection of the beam ends. The inadequacy most likely arises because we are trying to describe very complex support post designs as simple cantilever beams. The FEM results show that such a description is not appropriate. Instead, model 2 is proposed. This model uses the same conceptual picture presented in Figure 3 , but does not require the support post cantilever to be the same for both angular and axial deflections. This model was tested by studying support post effects on fixed-fixed beams, as will be discussed later in this paper.
CANTILEVER BEAM MEASUREMENTS
Our next step in characterizing the three pad designs was to measure the deflections of the cantilever beams to find the film radius of curvature R, the initial (unloaded) beam end angle e associated with each pad design, the support post compliance fM of each support post design, and Young's modulus E. This section describes the analysis of the cantilever beams. The data will demonstrate how the accurate modeling of the support posts led to improved accuracy in measuring Young's modulus.
Measurement of radius of curvature and unloaded beam end angle
Profilometry measurements of the chips indicated a film thickness of 2.28 tm, with a gap of 6.62 im between the beams and the electrodes. Based on these results, the beam end angle O and film radius of curvature R were found using the measured deflection curves of unloaded cantilever beams. Because the beams are fairly flat, only the 700 .tm beams were long enough to make a good measurement of curvature. The results for each 700 j.tm beam are shown in Table 3 , where positive angles represent bending toward the substrate. Each pad design has a different unloaded angle 9 ,but the radii correspond well because all of the beams are created from the same level of polysilicon. The average radius of curvature based on all three beams is 282 pm.
Measurement of support post compliance and Young's modulus
Using interferometry, the deflection curves of each cantilever were found at a various voltage loads. The values for E and M were then found which minimized error between the modeled and measured deflections. In this initial analysis, both E and M were allowed to vary to find the best possible fit to the measured deflections. Error was measured as RMS error per measured data point. Based on these results, a plot of the beam end moment versus beam end angle was generated. The plot, shown in where ,2 is the correlation coefficient. In these equations, the first number is 9 , and the second number is fM . Each parameter shows fairly good agreement with the measured values from Table 3 and the modeled values from Table 1 , respectively. Differences in O are most likely due to better measured data at the larger deflections represented in Figure 10 compared to the small unloaded deflections, while differences in M are most likely due to assumptions made during FEM, such as ignoring the effect of the oxide.
Using Equation (6) as a model for support post compliance allowed a better measurement of Young's modulus to be made. In generating the results shown in Figure 10 , both beam end angle and Young's modulus were allowed to vary to find the best fit. The result was a relatively large amount of spread Young's modulus, as shown in Table 4 . In addition, the mean Young's moduli for each pad design do not agree. Therefore, after processing this data and generating the linear fits found in Equation (6), the analysis was repeated. In this second analysis, beam end angle was not free to vary, but was given by Equation (6). The effect of this change is to incorporate modeling of the support post compliance directly into the beam deflection model, so that
Young's modulus is the only remaining variable. It is then found by determining the value which minimizes the error between the measured deflection and the modeled deflection. The results of this second analysis are much more consistent across the different pad designs, and the overall coefficient of variation decreased by nearly a factor of three. Thus, non-systematic errors in measurement are reduced.
FIXED.FIXED BEAM MEASUREMENTS
The support post deformations in fixed-fixed beams are much more complicated than those for cantilever beams. This is because both axial forces and end moments act in the beam, and both beam end angle 9 as well as beam end deflection ö must be considered. In particular, as ö is generally quite small (on the order of a few nanometers), it has not been effectively measured, which makes independent validation of the modeling impossible at present. The results reported here will show that model 2 performs well; however, based on the assumption that the residual stress is the same on separate beams in close proximity, better modeling is necessary before the support post behavior at fixed-fixed beams can be fully understood. Each of the fixed-fixed beams in the study was actuated under several different voltages, and the corresponding deflection curves were measured. The best values of beam end angle and residual stress were then found to match the measured and modeled deflections. As with the cantilever beams, in this first analysis both beam end angle and residual stress were allowed to vary in order to find the best possible fit. The beam end forces and moments for each beam deflection were also recorded. We combined the end loads into a single lumped parameter Q which reflects the simultaneous loading of both axial forces and bending moments. Q is found according to the equation
FL2
Q=-+ML
so that Equation (1) may be written
In Equation (7), L from Table 2 Unfortunately, despite the relatively good fit, indicated by the fairly high correlation coefficients, the factors reflected in Equation (9) do not correlate very well with the corresponding FEM results listed in Table 1 . Even though the agreement was not as good as desired, though, the data was re-analyzed, as with the cantilever beams, to improve the measurement of residual stress. With this second analysis, instead of allowing 0 to vary, the factors in Equation (9) were used to model 0, and the best associated value of residual stress, '5R was then found for each deflection curve. In addition, for each analysis, as defined in Figure 1 , was optimized to find the value which minimized the differences in residual stress between measurements taken for the same pad design. The total axial deflection was calculated using Equation (2) , and using Lö for The data for the first and second analyses is presented in Table 5 . The second analysis shows significantly less variability than the first, but it is still not as good as we expect to achieve. In particular, as we assume consistent residual stress in each beam, each pad design should yield the same residual stress result. Therefore, we conclude that model 2 is not as effective as we would like. We are continuing to do research in this area to improve the models, leading to better measurements of residual stress.
CONCLUSION
FEM and interferometric measurements have been used to investigate a simple model for support post compliance in micromachined beams. Three different support post designs were investigated to examine the robustness of the models. Experimental data showed that each support pad design had different initial undeflected angles, and FEM showed that each pad had different stiffnesses. In addition, FEM showed that the models previously suggested in [8] and [9] are insufficient to describe both angular and axial deflections at the beams' ends. Instead, a new model was suggested which treats angular and axial deflections separately. This model described some of the effects, but failed to produce the desired understanding of boundary effects in fixed-fixed beams.
The results showed a good understanding of effects in cantilever support posts, leading to improved accuracy of Young's modulus measurements using the IMaP methodology. Results for fixed-fixed beams showed more variation in the measurement of residual stress, and, consequently, less confidence. Work is underway to improve our understanding of fixed-fixed beam support post compliance. This work will significantly improve the accuracy of material properties measurements, leading to better process control and design optimization. 
